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a b s t r a c t

Smart and personalized ventilation systems have been demonstrated with high performance in creating
a healthy and energy-efficient indoor environment, but they have been rarely comprehensively
summarized and explored in previous studies. With the progressive development of various terminal
devices and control technologies, personalized ventilation based on intelligent control is potentially
a promising way to achieve efficient control and energy savings in human micro-environments. This
study comprehensively summarizes and analyzes the recent studies and common utilization forms of
smart ventilation and PV systems that are based on CO2 concentration control, to pave path and provide
some guidelines for their integration application for reducing energy consumption and improving
indoor thermal comfort. Research shows that the combination of personalized ventilation and smart
ventilation is an essential development for ventilation systems. Smart ventilation with demand control
logic based on CO2 concentration has been mature enough to effectively improve the effectiveness
and comfortable performance of personalized ventilation. However, switching from traditional air
conditioning systems to personalized ventilation still requires improved sensors and intelligent control
algorithms. In addition, this paper also summarizes the exploratory studies and potential application
analysis of machine-learning theories to improve intelligent control of personalized ventilation. To this
end, this paper identifies future tendencies for advanced theories, integrated systems, and devices in
personalized ventilation systems.

© 2022 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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. Introduction

The potential risks of disease transmission using the conven-
ional heating, ventilation and air conditioning (HVAC) systems
annot be overlooked under the current situation of infectious
iseases (Guo et al., 2021). In recent years, a plenty of studies
ave been conducted to decrease these transmission risks (Ding
t al., 2020; Faulkner et al., 2022). However, most of the current
tudies for solving the indoor COVID-19 airborne issues are still
ocused on how to improve HVAC design solutions to increase
he fresh air volume (Pan et al., 2021). In fact, increasing the
mount of fresh air only diminishes the concentration of indoor
ontaminants, instead of removing them from the fountainhead,
nd it even increases the risks of their mixing with the in-
oor environment (Santos et al., 2020). Therefore, personalized
entilation (PV) systems should be increasingly appreciated due
o the advantageous attributes of ensuring indoor air quality
IAQ), thermal comfort, and effectiveness in preventing the trans-
ission of infectious diseases (Melikov, 2004a). In the practical
pplication, the relatively high investment cost of control flexi-
ility technology and installation improvements has affected the
arge-scale implementation of PV systems compared to HVAC
ystems (Zeng et al., 2002). With the advancement of artificial
ntelligence technology, the costs of smart control methods and
trategies will be dramatically decreased in the future (Less et al.,
019). Consequently, the application of available smart ventila-
ion technologies will significantly improve the cost-effectiveness
f PV systems, which will become an essential development
endency for future indoor environmental management.

Smart ventilation aims at reducing the unnecessary processing
nd transport of airflow to save energy and reduce cost (Less
t al., 2019; Lu et al., 2010; Homod and Sahari, 2013).
revious studies have demonstrated that smart ventilation has
enerally a relatively high performance in energy-saving, IAQ, and
hermal comfort, thereby owing the huge potential in the future
uilding ventilation (Guyot G et al., 2017). Smart ventilation
ainly focuses on more control parameters. A collection of all
nvironmental parameters including human bio-effluents and
hysiological parameters constitute complex control logic and
ndex for smart ventilation, which results in an increased operat-
ng cost of a smart ventilation system due to their randomness
nd uncertainty. However, selecting and ignoring some con-
rol parameters arbitrarily would decrease the performance of a
mart ventilation system. A more reliable solution is to combine
PV system which focuses on body micro-environment with

mart control strategy of timely feedback, which adjusts the
entilation mode to meet the requirements of human micro-
nvironment (Emmerich and Persily, 2003).
To reduce building energy consumption for cooling and heat-

ng, the airtightness of building envelope has been improved,
hich results in an increased amount of ventilation flow re-
uired to maintain a high IAQ (Sjöström et al., 2020; Guyot
t al., 2018). The minimum fresh air volume from 7.5 L/s per
erson (ANSI/ASHRAE, 2019) increased to 10 L/s due to the im-
rovement of demand of occupants (Seppänen O et al., 2012).
he demand controlventilation (DCV) logic shows the advantage
f energy saving by adjusting the supply flow rate according
o the IAQ, occupancy, and weather condition (Laverge et al.,
011; Organization, 2004). The three ventilation levels of indoor
nvironment in design standard in terms of IAQ and thermal
omfort, namely from the highest to the lowest, i.e., Category A, B
nd C (C.C. 1752-1998, 1998). The PV system can be designed to
chieve the Category A level with low energy consumption (Me-
ikov, 2004b). And it also can adjust the micro-environment based
n the individual demand. The primary objective of PV system is
o remove pollutants and ensure air quality, and the advanced

bjective is to provide a comfortable micro-environment.

7524
There are several review studies about smart ventilation
(Guyot et al., 2018; Walker et al., 2021), PV system (Liu et al.,
2019; Veselý and Zeiler, 2014), or personal comfort system (PCS)
(Zhang et al., 2015; Rawal et al., 2020). Most studies in smart
ventilation focus on the system’s energy efficiency, in PV system
focus on the ability of airflow organization to remove pollutants,
and in PCS focus on control methods. However, a summary
analysis of the combination has not been covered, which is very
important for the combination of the smart control logic with PV
system. The application of the control logic of smart ventilation
could continually adjust the ventilation system in time, which is
also a promising solution for the PV system. In these systems, CO2
concentration could been chosen as a key control parameter due
to its advantages as an indicator of both IAQ and thermal comfort.

The objective of this study is to comprehensively summarize
and analyze the recent studies and common utilization forms of
smart ventilation and PV systems that are based on CO2 con-
centration control, to pave path and provide some guidelines for
their integration application for reducing energy consumption
and improving indoor thermal comfort. The innovation of this
study lies in the individual PV system, based on smart control,
especially considering the CO2 concentration as the control pa-
ameter. Another innovation lies in the summary and analysis
f the compatibility applications of PV systems, especially con-
idering the combination of smart logic. In addition, this paper
ummarizes the current existing issues and challenges faced by
oupled technologies of PV system and smart control in practical
pplications, and provides the rational development suggestions
o address the identified issues.

The structure of this paper is organized as follows: Section 2
iscusses the necessity of selecting CO2 concentration as control
ndex for judging indoor comfort level, evaluating IAQ and human
ealth, and monitoring ventilation control system; In Section 3,
he developments of CO2 sensor, PV system and smart control
quipment are summarized and analyzed; Section 4 presents the
urrent state of development of smart control strategies; Sec-
ion 5 shows the limitations and future trends for these systems,
nd Section 6 concludes this study.

. The necessity of selecting CO2 concentration as control in-
dex

2.1. The role of CO2 in judging indoor comfort level

The metabolic rate is the only one of the six factors that affect
thermal comfort, except for environmental parameters (temper-
ature, humidity, radiant temperature, air velocity, and thermal
resistance of clothing), which may cause differences due to in-
dividual differences. The amount of CO2 exhaled is an important
indicator that can measure the actual metabolic rate. The pro-
duction rate of CO2 is a function of metabolism, which can be
empirically written as (Schoeller and Fjeld, 1991; Formenti et al.,
2010; Nishi, 1981):

M =
21 (0.23RQ + 0.77)QO2

AD
(1)

where M is the metabolic rate (W/m2); RQ (respiratory quotient)
is breathing coefficient, namely the molar ratio of exhaled QCO2 to
inhaled QO2 (at the average adult’s mild or sedentary activity RQ
= 0.83), QO2 is Oxygen consumption (ml/s, at conditions of 0 ◦C,
101.3 kPa), and AD is the surface area of DuBois (Liuliu Du et al.,
2012):

AD = 0.202H0.725W 0.425 (2)

where W is mass (kg) and H is height (m).
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Table 1
CO2 concentration range requirements in residential buildings.
CO2 range Reference Description

530–1500 ppm LEED, GREENSHIP (Indonesia, 2014), IGBC (Industry,
2014), Pearl (Council, 2010), KLIMA (Energy Institute
Vorarlberg, 2014), NABERS (Nabers, 2010), GPRS
(Development, 2011)

Indoor CO2 concentration in residential buildings
according to the Green Building Standard

350–2000 ppm Kirchner et al. (2006) The CO2 concentration in residential buildings
fluctuates, but it can reach 6000 ppm in bedrooms from
2:00–5:00 am

>5000 ppm The American Conference of Governmental Industrial
Hygienists (ACGIH, 2011)

The risk of asphyxiation and exceeding metabolic stress

>10000 ppm The French Agency for Food, Environmental and
Occupational Health Safety (ANSES, 2013)

The risk of cause acidosis to a healthy adult
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Fig. 1. Indoor air pollutants targeted for indoor air measurement.
Source: Modified from Wei et al. (2015).

ASTM D6245 (ASTM, 2012) mentioned that an adult with an
D = 1.8 m2 has a normal work metabolic rate of 1.2 met, and a
roduced CO2 production rate is 0.0052 L/s; while CO2 production
ate of a children with an AD = 1.0 m2 in the same condition
s 0.0029 L/s. Since the indoor CO2 concentration may continue
ncreasing due to breath of occupants, it is very important to
onitor the indoor CO2 concentration over time and adjust the
entilation strategy accordingly.

.2. The impact of CO2 concentration on IAQ and human health

More than 65% of green building standards from European,
frican, Asian and American consider the CO2 concentration as
he main indoor pollution parameter (as shown in Fig. 1) (Wei
t al., 2015).
The standards for indoor CO2 concentration in residential

uildings and the effects on human are shown in Table 1. The re-
ponse of occupants to CO2 concentration is not sensitive enough
o identify its variable signals as to other environmental param-
ters such as temperature, humidity, and airflow, etc., which is
ifficult for them to adjust the indoor ventilation timely even
f the indoor CO2 concentration has reached a level harmful to
ealth. Korsavi et al. (2020) evaluated the occupant react of 29
aturally ventilated classrooms and 805 primary school students
n the UK. When all occupant-related factors were in favor of
ir quality, the mean CO2 concentration level maintained below
00 ppm. When none of the occupant-related factors were in
avor of IAQ, the mean CO2 concentration exceeded 1300 ppm.
eppänen OA and Mendell (1999) studied the impact of CO2
oncentration in offices and commercial buildings on health. With
7525
early 20 studies and more than 30,000 subjects, they found
hat the probability of sick building syndrome would increase
hen the per capita ventilation rate was less than 10 L/s, and the
revalence would decrease when the ventilation rate increased to
etween 10 L/s and 20 L/s per capita. Excessive CO2 concentration
lso affected cognition. Haverinen and Shaughnessy (2011) stud-
ed on the correlation between classroom ventilation rate and the
cademic achievement of the students. The study measured CO2
evels in 100 fifth-grade classrooms in 100 schools in the US, and
stimated the ventilation rate based on the CO2 concentration.
he ventilation rates of 87 classrooms were found to be lower
han the recommendations of the ASHRAE 62 standard. The sur-
ey showed that the cognitive ability of the students was linearly
elated to ventilation rate. The passing rate of math test was
ncreased by 2.9% and the number of students passing the reading
est was increased by 2.7%, with every 1 L/s increase in ventilation
ate per person when the ventilation rate reached 0.9–7.1 L/s per
erson.
The increase of CO2 concentration will also affect the human

ardiovascular system, respiratory system, and central nervous
ystem. Vehvilainen et al. (2016) studied the physiological param-
ters of four subjects in the office environment in response to
O2 concentration, and found that when the CO2 concentration
eached 900 ppm to 2800 ppm, the heart rate of the subjects
luctuated and the blood circulation resistance increased. The
O2 concentration passed through the human epidermis and
ubjectively reported symptoms of drowsiness then increased.
tricker et al. (1997) tested 22 subjects in a bedroom with a CO2
oncentration of 3000 ppm, where the concentration raised up to
500 ppm at night. It was found that the bedroom CO2 concen-
ration did not affect the respiratory response and had no effect
n subjectively assessed headaches, fatigue and attention, but it
ffected the excretion of phosphate and bone metabolism in the
ody. In that study, the authors observed that long-term exposure
o ≥10,000 ppm may cause bone loss. Xanthopoulos et al. (2013)
onducted a subjective perception test on the impact of CO2 con-
entration in environmental chamber on 10 subjects and found
hat when the indoor CO2 concentration reached 3000 ppm, the
ubjects felt tired and unpleasant, with a poor intellect perfor-
ance, and their ability to concentrate was reduced. They also

ound that when the CO2 concentration reaches 5000 ppm, the
diastolic blood pressure rises. Gortner et al. (1971) performed
experiments on 12 subjects in a basement environment with
a CO2 concentration of 6500 ppm to 12000 ppm for 42 days,
and reported that the pH value of the subjects’ blood decreased
(blood acidity increased). Sliwka et al. (1998) tested 4 subjects
in a space with CO2 concentration of 12000 ppm for 23 days
and found that subjective headaches increased, and brain blood
flow had sudden increases. When the CO2 concentration rises to
more than 70,000 ppm, it is no longer possible to conduct long-
term experiments on humans. Staying in a high-concentration
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O2 environment for 10 to 20 min increases the heart rate, blood
ressure, respiratory rate, and acidic blood (Sechzer et al., 1960;
oods et al., 1988; Bailey et al., 2005; Diaper et al., 2012). Com-
ared to the short-term high-concentration exposure in some
ndustry or public buildings, the accumulation of CO2 concentra-
ion in residential buildings usually hurts the health of occupants
hronically, which may be more harmful.
The harm of excessive CO2 concentration is long-term and

chronic, and the change of indoor CO2 concentration is unstable.
he untimely response of the human body to the hazards of
O2 concentration increases the risk of long-term exposure to
igh-concentration CO2 environments. Compared to other envi-

ronmental parameters, CO2 concentration is more necessary to
use smart control logical to monitor and control according to the
occupants in time.

2.3. The role of CO2 concentration in ventilation control system

DCV is a specific type of smart ventilation, which has been
applied for many years before the concept of smart ventilation
appeared. It focuses on the demand of occupants, which can
be marked by CO2 concentration. Therefore, the DCV based on
CO2 concentration has an advantage for the improving indoor
environment and individual comfort level, as well as saving en-
ergy (Emmerich, 1997; Schell and Shim, 1998; Persily, 1997).
The ventilation standard ASHRAE 62 (Tucker, 1992) calculates the
ventilation rate based on indoor CO2 concentration as:

OZ =
NZ

(CZ − CO)
(3)

where VOZ is the outdoor airflow required by a zone (L/s), NZ is
the CO2 generation in the zone (L/person), CZ is CO2 concentration
in the zone (ppm), and CO is outdoor CO2 concentration (ppm). NZ
is usually defined as the product of the body activity constant C
and the number of people PZ in the zone:

NZ = C × PZ (4)

The early DCV system used almost only CO2 concentration as
the control parameter. It should be noted that, pollutants such
as tobacco, radon and CO (Emmerich SJ et al., 2005) should be
controlled and removed from the sources, rather than relying on
ventilation dilution (Wouter Borsboom T et al., 2016). IEA defines
the type of pollutants that should be controlled by demand,
namely (1) obviously transient or variable pollutants, (2) known
to exceed the maximum emissions, and (3) unpredictable and
unable to be controlled from the sources (Mansson et al., 1997).
Since CO2, as a kind of bio-effluents, does not cause direct harm
to the human body when its concentration is not too high and it is
easy to measure, it has become the most commonly used control
index in ventilation strategies (Persily A, 1990).

In literature (Caillou S et al., 2014), CO2 concentration was
used as a tracking gas to determine whether occupants are avail-
able in residential buildings. If the CO2 concentration higher
than 600 ppm, it means there were occupied indoors. According
to ASHRAE Standard 62.1-1989-2001 and ASHRAE 62.1 2004–
2010, the CO2-based DCV developed because of the change of
CO2 concentration requirements (Nassif, 2012). The ventilation
requirement of the old version of the standard was defined as
7.08 L/s for outdoor air per person; and regardless of the number
of occupants, the upper limit of indoor CO2 concentration remains
at 1050 ppm. In the new version of this standard, as shown in
Fig. 2, the indoor CO2 concentration changes with the number
of occupants, which in turn determines the change of ventilation
requirement. It can easily be seen that the new version of the

standard makes building ventilation more energy-efficient.

7526
The development of the concept and technology of DCV is
mature, combined with the development of intelligent control
technology, it can almost achieve timely, high-efficiency, energy-
saving and other high-performance application goals in overall
indoor environment. In order to achieve more refined, clean,
and energy-saving personalized ventilation requirements, apply-
ing the existing CO2-based DCV technology to the use of PV is
a superior solution. This paper termed it as ‘‘Demand Control
Personalized Ventilation’’ (DCPV). CO2 sensor, PV air terminal
devices (PVATD), and smart control logic are the three key factors
for the development of DCPV. It is worth discussing and clarifying
how to improve the existing PV systems.

3. The development of CO2 sensor, PV system and control
equipment

3.1. The development of CO2 sensor on control indoor environment

The concept of ventilation control based on CO2 concentration
was proposed at least 1916, but the first CO2 sensor was designed
to use on ventilation control until 1990 (Schell and Int-Hout,
2001). Considering the cost and accuracy, the ventilation control
normally uses two technologies for CO2 detect: Non-Dispersive
Infrared Detection (Dinh et al., 2016) and Photo-Acoustic CO2
Sensors (Sherstov et al., 2020). The principle of Non-Dispersive
Infrared Detection is to obtain the CO2 concentration by measur-
ing the CO2 absorption to the corresponding frequency infrared,
which is cheaper and larger. And of Photo-Acoustic is based on
the photoacoustic effect of gas, by selecting a specific light source
and sound wave detection equipment (such as a microphone) to
achieve high-sensitivity sensing of one or more gases, which is
more expensive and smaller.

The common range of CO2 concentration in thermal comfort
research and experiment environment control is 600–800 ppm
or 700–900 ppm according to ASHRAE standard 62.1. Choi and
Loftness (2012) performed experiments to analyze the correlation
between skin temperature and overall thermal sensation, the
correlation between heart rate and thermal sensation (Choi et al.,
2012), and the difference in thermal comfort under immersive
virtual environment and indoor environment conditions (Nassif,
2012). CO2 sensors (Telarire 6004) were used in their experiments
to control indoor CO2 concentration to be 600–800 ppm and thus
to maintain the stability of the experimental conditions. Inter-
national Energy Agency (2020) used CO2 sensors (Telarire 6004)
to control the indoor CO2 concentration to be between 700–
900 ppm to study the influence of body local thermal sensation
on the overall thermal sensation. Yeom et al. (2019) used CO2
sensors to control the indoor CO2 concentration to be between
00 and 900 ppm to analyze the difference of thermal sensation
n two different environments. An adaptive DCV control strategy
or multi-zone ventilation systems in super high-rise buildings
as established based on CO2 sensors (Sun et al., 2011).
Another way to enroll CO2 sensor on indoor environment

control strategy is to predict room occupancy schedules (Ku-
siak and Li, 2009). Nagy et al. (2015) used humidity sensors,
air temperature sensors (Thermostat), and CO2 sensors to mea-
sure the occupancy time and the amount of lighting required.
Ryu and Moon (Ryu and Moon, 2016) used indoor and outdoor
CO2 concentrations and lighting system power consumption to
evelop occupancy prediction models through hidden Markov
odels (HMM algorithms). Using the indoor CO2 concentration

such as 1st order shifted difference of CO2, indoor CO2 moving
average (15 min), indoor CO2 change rate (15 min), indoor and
outdoor CO2 concentration ratio to compare model accuracy, it
was concluded that the indoor and outdoor CO2 concentration
ratio was more accurate to predict the indoor occupancy. In
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Fig. 2. ASHRAE Standard 62.1 1989–2001 and ASHRAE Standard 62.1 2004–2010 ventilation rate requirements and CO2 concentration requirements with pollutant
oncentration.
ource: Modified from Nassif (2012).
rder to overcome the limitation of sensor monitoring at fixed
ocations, Jin et al. (2018) proposed an automatically moving
ensing system to monitor IAQ. The system consists of temper-
ture sensor (MCP9808), lighting sensor (SI1145), CO2 sensor
K-30), PM2.5 sensor (SEN0177), and organic volatile matter sen-
or (TGS2620). Compared to traditional fixed-point monitoring
evices, this monitoring device showed better performance in
oth cost and accuracy.
The indoor environment control based on CO2 sensors has sig-

ificant energy saving potential. Dong and Lam (2013) proposed
real-time occupancy predictive model based on CO2 sensors

in combination with other parameters like air temperature, rel-
ative humidity, sound, light and human motion, to control the
smart ventilation system. It is estimated that DCV based on CO2
sensors can save between 20% and 70% of energy consumption
in densely populated spaces with variable occupancy, such as
the various halls, theaters and cinemas (Emmerich SJ, 2001).
Wachenfeldt et al. (2007) compared the performance of two
ventilation control strategies based on CO2 sensor in two Norway
schools: (1) demand-controlled displacement ventilation (DCDV)
and (2) traditional constant air volume (CAV) mixed ventilation.
Compared with CAV, the use of DCDV resulted in a decrease of
ventilation volume by 65%–75%. Furthermore, CO2 sensors play an
important role in smart reconstruction of old building ventilation
systems. Schibuola et al. (2018) evaluated the energy saving and
comfort requirements of a ventilation system controlled by a
CO2 sensors in a reconstructed historic building in Venice. A CO2
sensor was installed in the return air duct of each room, the
measured average CO2 concentration was directly fed back to the
fan controller, and the fresh air flow was controlled by changing
the fan frequency. The results showed that the annual air volume
supplied by the CO2 sensor based ventilation system was reduced
by 21% and the related energy consumption was reduced by 33%.
In addition, CO2 sensors were used to conduct experimental eval-
uations of energy consumption for two occupancy-based control
strategies of HVAC systems in commercial buildings (Goyal et al.,
2015).

The application of CO2 sensors in indoor environment control
can be divided into two categories: (1) for air quality monitoring,
and (2) for tracking the behavior of the occupants. Since the CO2
sensors are mostly used in traditional ventilation systems, where
the test area is too uncertain to capture personal CO2 exhalation,
few studies have been conducted to monitor the individual CO2
concentration exhale and personal demand. This is mostly due
7527
to the uncertainty of occupant actions and the install way of
CO2 sensors. The CO2 sensors used in ventilation control are
usually installed in the occupied space, and collect the cumulative
CO2 concentration throughout the room. It is difficult to install
CO2 sensors in the breathing area of the each occupant, and
the HVAC system cannot provide a ventilated environment that
meets individual demand. The PV system can solve the problem
of individual ventilation demand, but the installation of the CO2
sensors and the accuracy of non-contact measurement are still
the difficulties that need to be overcome at present. In PV’s
research and applications, measurement of CO2 concentration
are mostly based on contact sensors. The sensors are usually
fixed to the breathing zone with tape or microphones for ex-
perimental research. Pantelic et al. (2020a) used A LI-COR CO2
Gas Analyzer (Model LI-820, LI-COR, Lincoln, NE, USA) and the
low-cost CO2 sensing network, consisting of Telaire, T6713 CO2
module (Mouser Electronics, Mansfield, TX, USA) to figure out
the relationship between different sensors location. It was found
that the CO2 inhalation zone concentration levels were between
200 and 500 ppm above the background, and the test value
also influenced by the posture, nose geometry, and breathing
pattern of occupants. Researchers are more concerned about the
application effect of PV in ensuring the IAQ in the breathing zone
that assume individual needs are static. But the actual application
goal is that PV can be adjusted autonomously according to the
monitored CO2 concentration, which is a very lacking research
direction in the PV research field.

3.2. PV air terminal devices (PVATD)

The air terminal devices (ATD) is used for PV to supply per-
sonalized air and control the airflow rate and flow direction
closed to the breathing zone of occupants, which originated from
the desk environment adaptive system in 1988, consists of nine
parts: desktop supply module, desktop control panel, desktop
supply nozzle, radiant heating panel, task light, flexible supply
duct, recirculated room air, desk and personal computer. Among
them, the desktop supply modules, desktop supply nozzle, and
recirculated room air are the basic components of all personalized
air supply terminal devices (Bauman F and Baughman, 1998).

Melikov (2004a) proposed desk integrated PV terminals like
Movable Panel (MP), Computer Monitor Panel (CMP), as shown
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Fig. 3. Desk PV system. (a) Air supply terminal devices (ATD), Movable Panel (MP), Computer Monitor Panel (CMP), Vertical Desk Grill (VDG); Horizontal Desk Grill
HDG), Personal Environments Module (PEM). (b) Air convection around the human body: 1⃝Free convection, 2⃝Personalized airflow, 3⃝Breathing flow, 4⃝Ventilation
low, 4⃝Heat flow.
ource: Modified from Melikov (2004a).
Fig. 4. Comparison of ventilation efficiency of five ATDs under winter and
summer conditions. The indoor air temperature and relative humidity is 20 ◦C
nd 30% in winter, and 26 ◦C and 30% in summer. The supply PV system works
t a temperature of 20 ◦C and humidity of 30% (Bolashikov et al., 2003b).

n Fig. 3. Melikov et al. (2002) evaluated the performance of the
ive PVATDs using the parameter ventilation efficiency (εV ):

V =
CR − CS

CP − CS
(5)

where CR is the pollutant concentration in the exhaust indoor air,
CS is the pollutant concentration in the supply indoor air, and CP

is the pollutant concentration in the inhalation zone.
Another parameter used in that study was the personal expo-

sure efficiency (εP ):

εP =
CI,0 − CI

CI,0 − CPV
(6)

where CI,0 is the concentration of pollutants in the inhaled air
without PV, CI is the concentration of pollutants in the inhaled
air, and CPV is the concentration of pollutants in the personalized
air.
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The effect of PVATD is examined by decreasing the part of
exhaled air that is re-inhaled. It can be found that the expo-
sure efficiency increases with the ATD air supply rate, and the
exposure efficiency of VDG is the best among all ATDs, which
reaches 0.6. However, as the air flow rate increases, the VDG
may result in an intensified cooling sensation of the facade. Fig. 4
shows the comparison of the ventilation efficiency of these five
ATDs in winter (20 ◦C, RH 30%) and summer (26 ◦C, RH 30%)
conditions. Bolashikov et al. (2003a), Melikov et al. (2003) had
developed the PV system with the freshness of air reaching more
than 20 times as that provided by mixing ventilation, and the
supply air temperature can be 6 ◦C lower than mixed ventilation
in cooling conditions. The PV system is effective in reducing sick
building syndrome, but it may cause thermal discomfort and
dryness (Melikov and Kaczmarczyk, 2012). Therefore, the flow
rate of the PVATD should be controlled at the necessary minimum
value, at which the supply flow is strong enough to break the
plume of free convection layer of the human body (Khalifa et al.,
2009; Russo et al., 2009).

The impact of airflow from ATD on skin is significant since
it is close to the breathing area. How to improve the ventilation
efficiency while reducing the negative impact is a key problem.
This problem can be effectively solved by improving the perfor-
mance of PVATD. Khalifa et al. (2009) developed a new type of PV
nozzle in combination with ergonomic and aesthetic, as shown in
Fig. 5. This nozzle performed well in ventilation efficiency. The
ventilation effectiveness could reach up to 7 when it provided
2.4 l/s, a significant improvement from traditional nozzles, which
usually offered less than 2.

In order to make the airflow distribution more efficient, the
orifice plate of the air outlet is also designed, and a new type
of ceiling PVATD is designed using CFD simulation, as shown in
Fig. 6 (Yan J et al., 2017). The outlet area of the channel at the
edge of the device is smaller than the inlet, which accelerates
the airflow speed and form an air curtain on the entire airflow
edge to prevent the airflow diffusion. The inner air holes is just
the opposite with the edge holes, with the outlet larger than the
inlet.

To further improve the air quality in the breathing area,
Faulkner D et al. (2003) improved a desk-edge-mounted venti-
lation device based on Melikov’s PVATD (as shown in Fig. 7). The
system provided an airflow rate of 3.5–6.5 l/s, and its air change
effectiveness could reach 1.5 h−1, which could increase the air
supply rate by 50% in the breathing area (Niu et al., 2007).
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Fig. 5. Low mixing co-flow nozzle.
Source: Modified from Khalifa et al.
(2009).

Fig. 6. Designed register.
Source: Modified from
Yan J et al. (2017).

Fig. 7. Desk-edge-mounted ventilation device.
Source: Modified from Faulkner D et al. (2003).

Li et al. (2010) studied the potential of improving the thermal
omfort of indoor occupants when the PV system was used in
ombination with the under-floor air distribution (UFAD) system
n hot and humid areas. The experimental device of the proposed
V system is shown in Fig. 8.
Although the PVATD provides fresh air directly to the breath-

ng zone, it may cause discomfort due to the airflow being too
lose to the face. Yang et al. (2010) found that a combination
 p
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Fig. 8. Desk-mounted PVATD in the FEC workstation.
Source: Modified from Li et al. (2010).

of ceiling and desktop PVATD with mixing ventilation had an
excellent overall performance. Makhoul et al. (2013) found that
ceiling-mounted PV nozzle combined with desk-mounted fans
had a good performance to reduce the negative effect of ther-
mal plume generated by the occupants, as shown in Fig. 9, and
also reduced energy saving by 13% when compared with mixing
ventilation systems.

Lan et al. (2013) used the PVATD in the bedroom for sleeping
people as shown in Fig. 10, and they measured the physiological
parameters of the subjects and found that even if the PV supply
air temperature was higher than the ambient air temperature, the
subjects still felt cool. The bedside PV devices can also be used
as a potential ventilation method to remove pollutions if it had
flexible control system based on sleeping comfort.

The development of PV systems is a consequence of the in-
creasing demand for IAQ and thermal comfort, as well as the
exploration of its unique air rate threshold. In addition, the con-
trol strategy of the PV systems is more worth exploring due to
the demand for flexibility.

PV systems have better performance in reducing the spread
and dispersion of small particles than other ventilation sys-
tems (Liu et al., 2007). Melikov and Kaczmarczyk (2012) studied
the effects of indoor air flow on perceived air quality (PAQ) and
sick building syndrome based on 124 human subjects. Their study
found that increased local ventilation rates improved IAQ and
relieved building syndrome symptoms, which was the foundation
for the later development of PV. Liu et al. (2007) simulated the
particle dispersion associated with the use of PV by considering
three cases with different airflow speeds: (a) no airflow, (b)
32 m3/h of personalized airflow, and (c) 32 m3/h of mixed sup-
ly airflow from the ceiling. After studying the air temperature
ield and pollutant concentration field in these 3 cases, it was
ound that personalized airflow was effective to remove particles
maller than 2 µm, but PV was not effective if the particles were
arger than 7.5 µm.

Because PV forms a special ventilation area on the surface
f human body, it has great energy saving potential compared
ith traditional ventilation. Fig. 11 shows the energy savings,
entilation effectiveness, and lower pollution of breathing zone
ompared with normal ventilation systems of the two PV systems
roposed by Sekhar et al. (2005) and Makhoul et al. (2015). The
erformance of a low-mix coaxial nozzle installed on the ceiling,
hich provided a vertical jet of fresh air to the breathing area of
sers, was studied by Makhoul (2012). The nozzle was integrated
ith a diffuser that has a variable air supply angle for fluid

ositioning. Compared to traditional nozzles, the efficiency of this
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Fig. 9. Ceiling-mounted PV nozzle.
Source: Modified from Makhoul
et al. (2013).
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Fig. 10. Bedside PV system.
Source: Modified from Lan
et al. (2013).

Fig. 11. Comparison chart of energy saving, ventilation effectiveness, and tem-
perature reduction in the breathing zone from the studies of Sekhar et al. (2005)
and Makhoul et al. (2015).
7530
coaxial nozzle when providing the same amount of clean air could
be increased by 3–4 times, while also achieving a comfortable
effect and saving energy by 30%. Yang et al. (2010) specifically
analyzed the energy consumption performance of the ceiling PV
device in hot and humid areas. Results showed that the ceiling
PV system and mixed ventilation could reduce cooling power
when used together, and the ceiling PV device had better heat
dissipation effect and can reduce total energy consumption com-
pared with desktop ventilation and mixed ventilation. Tham et al.
(2004) compared two kinds of air supply modes, one of them was
personalized supply with air temperature at 20–23 ◦C when the
ndoor air temperature was 26 ◦C, and another was purely mixing
entilation mode with the room air temperature controlled at
3 ◦C. It was found that the former could reduce the cooling load
y 29.5% and energy consumption by 27%. Kaczmarczyk J et al.
2006) found the all ATDs that proposed by Melikov (2004a) had
bviously positive effects on human comfort and air quality, and
he circle movable showed the best performance. Due to uniform
irflow distribution, lower jet velocity and turbulence intensity,
his ATD provided higher comfort and air quality. The energy
aving rate of several typical PV devices shown in Fig. 12.
It is easy to see that the two main advantages of PV system

re the ability to remove pollution and energy-saving. However,
he biggest disadvantage of PV system is too closed to human
ody that is easy to cause thermal discomfort due to the air
elocity, which request the flexible and timely control logic. As a
onsequence, there is huge prospects of combining PV and smart
ontrol strategies.

. Development of smart ventilation control logic

The control system of smart ventilation works through calcu-
ating the required ventilation rate based on the indices recog-
ized by the relevant sensors, which then adjusts the operation
tatus of the ventilation system in time to achieve the goal of
nergy saving and high performance.
For natural ventilation, the control system adjusts the win-

ow opening according to outdoor weather condition, indoor air
emperature and humidity, CO2 concentration, airflow speed and
ther parameters (Rinaldi et al., 2017). For mechanical ventila-
ion, the control system changes the opening of the fan speed, the
rea of the air inlet and outlet, or the fan operating frequency, etc.
Fisk and De Almeida, 1998).
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Fig. 12. Comparison chart of energy saving rate based on different researchers of
akhoul (2012), Tham et al. (2004), Sekhar et al. (2005), Makhoul et al. (2015),
akhoul et al. (2013), Yang et al. (2010), and Schiavon et al. (2010).

.1. Application of machine learning (ML) technology in predicting
ndoor environmental state based on CO2 concentration

Smart ventilation systems have been improved in recent years
ith the development of big data and artificial intelligence tech-
ology. As a branch of artificial intelligence, ML has great ap-
lication potential in smart ventilation control strategies. ML
lgorithms are a type of algorithm that obtains rules from data
hrough classification or regression analysis, and uses the rules
o predict unknown data, which include two major categories,
amely supervised learning (Welling, 2011) and unsupervised
earning (Barlow, 1989). In the field of ventilation, supervised
earning is mostly used to predict indoor occupancy based on user
ehavior data to calculate ventilation demand, and unsupervised
earning is used to find users behavior (Peng et al., 2018). ML
echnology relies on big data and requires the collection and
stablishment of a complete database system for repeated train-
ng of the model. Independently of the algorithm, the objective
s to find quantifiable potential connections among seemingly
nrelated parameters through a large number of parameters in
he training database (Song et al., 2022). Therefore, the main pur-
ose of ML as an approach is to achieve the demand calculation
urpose in ventilation module.
The control indicators referenced by ML-based smart ventila-

ion control strategies are usually divided into two categories:
ccupancy rate and thermal comfort. Artificial Neural Networks
ANN), Hidden Markov Models (HMM) (Tokuda et al., 2000), De-
ision Tree (DT) (Safavian and Landgrebe, 1991), Random Forest
RF), Logistic Regression (LR) (Kleinbaum et al., 2002), K-nearest
eighbor (KNN), and Support Vector Machine (SVM) (Zhang et al.,
006) can strengthen the correlation between indoor environ-
ental parameters and user behavior. CO2 concentration as a
roduct of occupant, has become an important reference indica-
or for ML prediction algorithm.

The Predicted Mean Vote (PMV) function for thermal comfort
odels tend to produce large errors (Luo et al., 2015), when they
re used to deal with individual differences or mixed-mode in-
oor spaces due to their lack of self-correction capabilities (Zhou
t al., 2020). Due to its self-learning ability, machine learning is
ikely to be the common method for predicting 3-point or 7-point
cales of comfort level in the future (Kim et al., 2018a; Luo et al.,
020). The application of ML in indoor environment studies is

hown in Table 2.
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4.2. The necessary of combining smart control with PV based on
CO2concentration

Control logic is one of the most important components of the
PV system. The control strategy design is mainly based on the air
temperature, velocity and direction of the personalized airflow. In
principle, increasing the temperature of the PV airflow requires
increasing simultaneously the airflow speed to maintain the con-
vective heat dissipation of the human body, but the increase
in the airflow speed in the PV device usually takes away more
heat and causes the air temperature dropping (Faulkner et al.,
2003). Therefore, the PV system should be designed to adjust
to the transient response to micro-environment. Many control
systems and sensors in smart ventilation can cooperate with the
PV system to form an effective personalized and smart ventilation
control system (Chaudhuri et al., 2019).

Office is one of the places with the strongest demand for PV
devices due to the long occupied time and the high population
density. Most of existing PV devices consider the working state
of human body in a static sitting position. The free convection
boundary layer around the human body will affect the person-
alized airflow (Melikov, 2004b). The PV devices attached to the
office desk are designed to be able to break the free convection
boundary layer of the human body and thus to deliver clean or
cooled air to the breathing area. At the same time, it needs to co-
operate with the personalized comfort system to provide heating
or cooling local thermal environment according to the thermal
sensation of different parts of the human body to improve the
comfortable state during office work (Rawal et al., 2020). The
office PV system based on CO2 sensor not only considers the air
quality in the breathing area, but also determines the on/off state
of the system depending on the detected human signal.

Compared to the office areas, the occupied density in bed-
rooms is low, but the sleeping environment has higher require-
ments for the IAQ and thermal environment (Lan et al., 2016).
Since usually only the head is outside the quilt during sleep, the
PV strategy of the bedroom is mainly targeted for the human
head. However, previous studies on human thermal sensation in
the awake state suggested that the thermal sensation in the head
has a stronger effect than other parts of the body (Nunneley,
1983; Nunneley and Maldonado, 1982). Zhou et al. (2014) in-
vestigated the effects of bedside PV on human sleep air quality
by evaluating environmental parameters, subjective feelings and
human physiological parameters, and found that people who
awake up after sleep were more sensitive to their surrounding
environment than usual. However, special attention should be
paid to the noise caused by PV system to the elderly (Namba et al.,
2004).

No matter which kind of PV system, the application of smart
control logic will be the future development trend. The concept of
smart PV system based on CO2 concentration as shown in Fig. 13.

PV system for smart control based on CO2 concentration can
be classified into 6 steps. Step 1 relies on the development of
CO2 sensors and measurement technology. In the case of IAQ,
the selection of the measurement position is critical to the ac-
curacy of the results. In the case of metabolic rate, beyond the
measurement position, the accuracy of non-contact CO2 sensors
technology is also very important (Pantelic et al., 2020b). Step
2 is implemented according to the standard. The implemen-
tation of step 3 requires the support of artificial intelligence
algorithms. There is no more accepted heat balance equation for
calculating thermal comfort in the micro-environments. How-
ever, the rapid development of machine learning algorithms and
their widespread use in the field of thermal comfort has led
to greater flexibility and energy efficiency of smart ventilation
systems. Steps 4, 5 and 6 are calculated and adjusted for different
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Table 2
The application cases of different ML methods.
ML method References Research objects

ANN Mozer (1998) Developed residential comfort control system;
Predicted occupancy
Evaluated model’s accuracy

KNN Scott et al. (2011) Developed a heating controller system: PreHeat
Predicted the occupancy activity
Realized energy-saving

SVM Kadouche R and Abdulrazak
(2010)

Predicted occupancy rate
Realized energy-saving

DT, HMM Ryu and Moon (2016) Comparison of prediction accuracy based on the
four parameters of indoor CO2 concentration, 1st
order shifted difference of CO2 , indoor CO2
moving average, indoor CO2 rate of change, and
indoor and outdoor CO2 concentration ratio.

HMM Chaney et al. (2016) Predicted occupancy based on CO2 concentration

SVM, RF Singh et al. (2018) Developed a occupancy prediction method based
on CO2 concentration with an accuracy of 98.4%

ANN Javed et al. (2018) Predicted the comfort level and occupancy based
on CO2 concentration;
Reduced the energy consumption by 19.8%

HMM Ryu and Moon (2016), Chaney
et al. (2016), Dong and Lam
(2014) and Kleiminger et al.
(2014)

Predicted the occupancy rate

ANN Yang et al. (2012), Mamidi
et al. (2012) and Ekwevugbe
et al. (2013)

Predicted the occupancy rate

SVM, KNN, RF Cosma and Simha (2019) Predicted 3-points comfort level

ANN, RF Chaudhuri et al. (2019) Predicted thermal sensation

KNN, RF, and SVM Lu et al. (2019) Predicted 7-points comfort level

Bagging, ANN and SVM Wu et al. (2018) Predicted thermal comfort
Compared the accuracy of each algorithm

LR, DT, GBM, GPC, RF, and SVM Kim et al. (2018b) Predicted users’ behavior of using heating and
cooling systems

RF Chaudhuri et al. (2018a) Predicted 3-points comfort level based on
physiological parameters

Extreme Learning Machine (ELM) and SVM Chaudhuri et al. (2018b) Predicted thermal sensation
systems and different comfort requirements and background en-
vironments. The following section will focus on the development
and research status of these six segments and discusses the devel-
opment trends and application possibilities of smart PV systems
based on CO2 concentration.

5. Discussions, limitations and future trends

The importance of CO2 concentration as an indicator in guiding
formulating ventilation strategies was summarized in this study.
The development of CO2 sensors, the relevant regulations on CO2
concentration in green building standards, and the role of CO2
concentration in calculating ventilation requirements was also
comprehensively reviewed in this study. And PV system as a new
type of ventilation method has achieved high performance in
ventilation efficiency, energy saving and preventing the spread of
diseases, but it needs more flexible control to supply the comfort
environment. Based on available information, it is necessary and
desirable to combine smart ventilation control strategy with PV
systems. Previous studies on PV systems mainly focus on IAQ. It
may ignore some uncomfortable issues caused by the personal-
ized airflow. Studies on smart ventilation pay more attention on
the flexible control. There are still no studies trying to combine
7532
smart control system with PV system, especially based on CO2
concentration.

It was found that the development of CO2 sensors is essential
to promote the intelligence and efficiency of PV systems since
newer sensors could provide more accurate data. The control
principle on which also requires an improved comfort model that
pays more attention to individual differences. Traditional PMV
model can no longer meet the performance requirements of PV
systems. Therefore, it is easy to overlook the comfort potential of
the PV systems in addition to their advantages in providing fresh
air and personalized cooling and heating.

According to previous studies, PV has high performance in
VE and ES, for example, VE and ES can reach improvements of
up to 50% and 30%, respectively. Applied to the current global
epidemic of COVID-19, the advantages of PV to reduce the risk
of airborne disease spread are more prominent. The thermal
discomfort caused by its strong effect on the human micro-
environment needs more attention. Compared to the normal
ventilation systems, PV is more sensitive to the factors affecting
airflow such as the relative position of PVATD and human body,
the direction of personalized airflow, the shape of air outlet, the
size of wind speed, etc. Conventional methods for evaluating ther-
mal comfort performance of ventilation systems are not adequate
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Fig. 13. The concept of smart PV system based on CO2 concentration.
or PV systems. The more precise thermal comfort model for PV
hould be developed immediately. For example, the ventilation
emand control based on human physiological parameters. This
s not only a challenge for sensor technology for monitoring
hysiological parameters, but also for the ventilation demand
odels developed based on physiological parameters.
As an important parameter in the DCV research, CO2 con-

centration has accumulated mature research results. And it also
plays an important role in physiological parameter to measure
the metabolic rate of the occupants. Therefore, CO2 concentration
could be the preferred choice to investigate the combination of PV
system and smart control based on physiological parameters.

However, PV systems based on CO2 concentration are cur-
rently in the experimental phase and few studies have fully
integrated CO2 concentration as an evaluation indicator for ther-
mal comfort and IAQ. This paper is therefore limited to providing
only a concept and future trends in PV systems and their technical
implement ability, and does not go into detail about a particular
practical CO2 smart personalized ventilation system.

6. Conclusions

This paper summarizes the theoretical basis and practical ap-
plication of smart and PV system based on CO2 concentration,
especially: (1) the necessity of CO2 concentration as a ventila-
tion system control parameter, (2) the development status of
PV system, (3) intelligence application of control technology for
PV system. With the global spread of the coronavirus, the PV
system could effectively avoid the shortcomings of the central
air-conditioning system that the virus cannot be isolated due to
its personalized characteristics, and thus it has a great applica-
tion prospect. However, this also requires the improvement of
sensitive control systems and efficient control strategies.

Most PV systems consider the possible comfort or discomfort
caused by the interaction of between the system wind field with
the human micro-environment, but few studies do not focus on
the comfort willingness of the users and the individual differ-
ences. In addition, previous studies did not consider collecting
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user application feedback in order to adjust the air supply status
of the entire system in time according to user’s requirements.
Therefore, the construction of human comfort feedback system
and effective ventilation strategy should be reconsidered in the
studies of PV system.

All the investigated smart control systems, sensors or machine
learning strategies, have demonstrated the huge prospects for the
integration with PV systems. However, chaotic control logic and
comfort indicators that are difficult to quantify have become the
main obstacles to the development of smart PV systems, resulting
in PV systems still staying in traditional ventilation modes, and
the related studies are mostly centered on equipment such as
ducts, vents, installation location, etc. A flexible and smart control
method is more necessary to improve the performance of PV
system, which could supply comfort micro-environment, reduce
building energy consumption, and improve indoor environment.
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